We investigated genetic diversity among and within natural populations of Asian common wild rice, Oryza rufipogon, from three different classes of data: quantitative traits, allozymes, and restriction fragment length polymorphisms (RFLPs). The seven populations examined showed polymorphism to varying degrees. The amount of intrapopulation variability appeared to be influenced not only by breeding system but also by the evolutionary history of each population. Interpopulation differentiation was clear, but different classes of data elucidated different patterns. Quantitative traits revealed ecotype differentiation into perennial and annual types of population, whereas allozyme and RFLP analyses revealed geographical differentiation among populations. These results suggest that the diversity patterns shown by quantitative trait analysis reflect mainly the occurrence of adaptive differentiation in response to habitat conditions and that those shown by allozyme and RFLP analyses reflect mainly the effect of isolation by distance. Population differentiation parameters (F ST ) were highly variable among loci in allozymes as well as in RFLPs.
Introduction
Population genetic structure or distribution of genetic variation among and within natural populations is a major concern in evolutionary genetics. In early studies, morphological traits were the only sources of evidence that could be used to elucidate population structure. However, during the last two decades molecular approaches have become a standard means of determining the genetic architecture of natural populations.
Phenotypic traits of either a continuous or discrete nature are substantially affected by natural selection, and their patterns of variation therefore largely reflect adaptive differentiation. On the other hand, it is usually assumed that a considerable portion of molecular variation is selectively neutral and that the molecular-clock hypothesis (Kimura, 1968) holds, although this assumption may not be always true, as argued by Koehn et al (1983) and Karl and Avise (1992) . Differences between the patterns detected by allozymes and the use of various DNA marker techniques such as analyses of restriction fragment length polymorphism (RFLP), random amplified polymorphic DNA (RAPD), and simple sequence repeats (SSR) might be of concern only at a level at which genetic variation can be dissected: allozyme variation detects polymorphism at protein coding regions, whereas molecular variation reflects differences directly at the DNA level in both coding and noncoding regions.
Biosystematic and population studies conducted in various plant and animal species have shown that the results obtained by quantitative trait and molecular marker analyses are not always concordant (Podolsky and Holtsford, 1995; Bonnin et al, 1996; Latta and Mitton 1997; Reed and Frankham 2001) . If the materials are exactly the same and the methods used are appropriate for their respective approaches, but the results differ, then any inconsistency suggests that the underlying evolutionary forces differ among different types of genetic variation. Therefore, there is a need to clarify which aspects of the entire genome can be revealed by using different types of genetic data.
The common wild rice, Oryza rufipogon Griff., is widely distributed in the tropical and subtropical regions of Asia and Oceania and is considered to be the progenitor of cultivated rice, O. sativa L. (see, for review, Oka, 1988) . It contains a large amount of intraspecific genetic variability and tends to be differentiated into two ecotypes: partly outbreeding perennial and predominantly inbreeding annual. The two types are adapted to different habitat conditions and are characterized by contrasting morphologies, propagating methods and mating systems (Oka and Morishima, 1967; Sano and Morishima, 1982; Morishima et al, 1984) . The population genetic structures of Indian and Thai populations of O. rufipogon have been studied by the analysis of quantitative traits (Morishima and Oka, 1970) or life-history traits and allozymes (Barbier, 1989; Morishima and Barbier, 1990) . Chinese populations of O. rufipogon were investigated by the analysis of allozymes (Gao et al, 2000) , RAPD (Ge et al, 1999) , and SSR (Gao et al, 2002) .
Our objective was to assess genetic diversity among and within natural populations of O. rufipogon collected from a broad area over the distribution range of this species in Asia. We compared the population structure as revealed by: (a) quantitative trait analysis, (b) allozyme analysis, and (c) nuclear DNA RFLP analysis. We discuss the evolutionary forces causing the different patterns of population differentiation resulting from the analysis of these three different classes of data.
Materials and methods
Plant materials Seven population samples of O. rufipogon were taken from genetic stocks preserved at China Agriculture University, China, and the National Institute of Genetics, Japan. Samples were collected from China (3), Thailand (2), India (1), and Indonesia (1) (Figure 1 ). Basic information on each population is given in Table 1 . From our field observations, population NE3 was a typical annual type propagating by seeds; NE88, W1981, and W120 seemed to be perennial, propagating mainly by vegetative means (clones); and YJ, DX, and GG seemed to be weakly perennial, propagating by both clones and seeds. In four populations (YJ, GG, W1981, and W120), the individuals examined were first-generation plants derived from the original seeds collected at each site. In the other three populations (DX, NE3, and NE88), selfed progeny of first-generation plants derived from the original seeds collected on an individual plant basis were examined. Population GG (Guangxi Province, China) was adjacent to cultivated rice fields and was apparently susceptible to introgression by cultivar genes. Other populations were isolated from cultivated rice fields to varying degrees.
Quantitative trait analysis
Seeds of the seven populations were sown, and a total of 292 seedlings were transplanted into a paddy plot in a greenhouse at the National Institute of Genetics, Mishima, Japan, in 1994 July. The following 11 morphological and physiological traits were evaluated on an individual basis: plant height, panicle number, panicle length, spikelet number per panicle, awn length, seed fertility, shoot-regenerating ability, root-regenerating ability, dry weight of stem and leaf at maturity, dry weight of small tillers developed after heading, and heading date. Regenerating ability was assessed as follows: several basal stem segments with nodes were cut at the time of maturity and placed in moistened sand at 301C. After 5 days, the degree of development of adventitious roots was given a value of 0, 1, 2, or 3 (rootregenerating ability), and the number of newly emerging shoots was counted (shoot-regenerating ability). The Indian population W120 was excluded from the trait analysis because the plants were grown in another greenhouse.
Allozyme assay
At the tillering stage, leaf samples were taken from each plant and analyzed for 29 isozyme loci. Cat1, Sdh1, Amp1, Amp2, Amp3, Amp7(t), Pgd1, Pgd2, Pgi1, Pgi2, Pgi3, Pox2, Est9, and EstS(t) were assayed by a starch gel system (Ishikawa et al, 1989) , and Est1, Est2, Est3, Est5, Est10, Est12, Est14, Acp1, Acp2, Acp3, Acp5(t), Acp6(t), Mal1, Mal5(t), and Mal6(t) were assayed by the SDS-PAGE electrophoresis system (Cai et al, 1992) . Newly identified loci (our unpublished data) are designated 'tentative' with a (t).
RFLP assay
Nuclear DNA was extracted with liquid nitrogen from fresh leaves sampled from each plant at the tillering stage and digested with four restriction enzymes, HindIII, EcoRI, DraI, and BamHI. DNA digestion, electrophoresis, and Southern blotting were carried out according to the method of McCouch et al (1988) . DNA hybridization was performed with the ECL TM direct nucleic acid labeling and detection systems (Amersham, Figure 1 Site map of the seven populations studied. Dotted line shows the distribution range of O. rufipogon in Asia. 
Data analysis
The amount of intrapopulation diversity for quantitative traits was represented by standard deviation. To assess the degree of population differentiation at the phenotype level, the variance component among populations divided by the sum of variance components among and within populations was computed for each trait (P ST ). For allelic diversity within populations in terms of allozymes and RFLPs, genetic parameters such as average gene diversity (H), proportion of polymorphic loci, average number of alleles per locus, and inbreeding coefficient (F IS ) were calculated from all loci examined. The population parameters H T (gene diversity in whole population), H s (gene diversity within a population) and F ST (population differentiation) were estimated for each isozyme and RFLP locus. Further, the genetic distances (Nei, 1972) between the seven populations were computed. To elucidate the overall pattern of population differentiation, individual data on quantitative traits, allozymes, and RFLPs were analyzed by the same multivariate technique (factor analysis) using Statistica 3.0 software (StarSoft Technologies, Inc., Spokane, WA, USA).
Results

Quantitative traits
Means and standard deviations for the 11 quantitative traits in six populations (excluding W120 grown under different condition) are shown in Table 2 . The annual population NE3 markedly differed from other perennial populations in many traits. It had shorter stature, more panicles, longer awns, higher seed fertility, lower shootregenerating ability, and less development of new tillers after maturity. The other five populations, in particular typical perennial populations (NE88 and W1981),
showed the opposite trend. These contrasting trait associations are characteristic of the annual and perennial types of O. rufipogon, respectively (Oka and Morishima, 1967; Sano and Morishima, 1982) . The Chinese population DX, which was supposed to be weakly perennial, showed more vigorous development of new tillers after heading than the other perennial populations, suggesting its unique mode of vegetative propagation.
As shown by the standard deviations given in Table 2 , the introgressed population GG and the perennial population NE88 showed greater within-population variation than the others in many traits. The parameters of population differentiation (P ST ) for various traits (Table 2 ) varied in a relatively narrow range from 0.262 to 0.426, with the exception of that for panicle length (0.023).
To elucidate the pattern of variation among and within populations on the basis of all the traits, data for all individuals were analyzed by factor analysis. The first and second factors explained 38.4 and 22.5%, respectively (cumulative contribution, 60.9%), of the whole multivariate variation. The traits mainly contributing to the first factor were shoot-regenerating ability (factor loading, 0.87), plant height (0.77), awn length (-0.71), and seed fertility (-0.65), and those contributing to the second factor were spikelet number per panicle (0.85), panicle length (0.74), and leaf and stem weight at maturity (0.73).
The scatter diagram of all individuals, as defined by the first and second factors, is shown in Figure 2 . The plants belonging to each population tended to form respective clusters, although the three Chinese populations, DX, YJ, and GG, showed overlapping distributions. NE3 (annual type) and NE88 (perennial type) collected in the same locality in Thailand were clearly separated along the first factor axis, suggesting that this axis represents differentiation toward perennial and annual types. The three Chinese populations were scattered between the annual NE3 and perennial NE88, indicating that they possess intermediate characteristics between annual and perennial, in accordance with our field observations. Plants with larger scores for the second factor (scattered in the upper part) were supposed to have large seed productivity as well as vegetative vigor, judging from the traits contributing to the second factor. They were most probably the derivatives of natural hybridization with cultivated rice. Genetic structure of wild rice populations
Allozyme diversity
Of the 29 isozyme loci examined, Acp1 and Mal1 were monomorphic and the other 27 loci were polymorphic in the present materials. So far, we have detected polymorphism at Acp5(t), Acp6(t), Mal5(t), and Mal6(t) only in O. rufipogon and not in O. sativa (our unpublished data). The allele frequencies for the 27 polymorphic loci in each population are given in Table 3 , together with the population parameters H T , H S , and F ST for each locus. At some loci, such as Amp1, Cat1, and Est14, the allele frequencies seemed to change dramatically between two (DX and YJ) or three (DX, YJ, and GG) of the Chinese populations and the remaining populations collected in tropical regions. Interestingly, Cat1 (Second, 1982) and Est14 (our unpublished data) are known as diagnostic loci for distinguishing Indica and Japonica types of O. sativa, and the alleles found in Chinese populations at high frequencies (Cat1 2 and Est14 1 ) are 'Japonica-specific alleles' (Second 1985, our unpublished data) .
Estimates of genetic parameters of intrapopulation diversity, such as average gene diversity, proportion of polymorphic loci, and average numbers of alleles per locus, are given in Table 4 , part (a) for each population, together with the inbreeding coefficient F IS . Obviously, two Chinese populations, DX and YJ, showed less polymorphism than the others. The other Chinese population, GG, showed a high level of genetic diversity compared with the tropical perennial populations (NE88, W1981, and W120). The annual population NE3 showed a low level of polymorphism, as expected. The inbreeding coefficient F IS was high in the annual NE3 population and low in the perennial NE88 and W120 populations.
H T varied from 0.053 (Acp6(t)) to 0.674 (Amp2) and H S from 0.012 (EstS(t)) to 0.365 (Amp2) ( Table 3 ). The parameter for population differentiation, F ST , ranged from 0.075 (Acp5(t)) to 0.941 (EstS(t)), with an average of 0.431 (Table 3) . F ST values tended to be high at Amp1, Cat1 and Est14, whose allele frequencies differentiated the Chinese populations from other populations. In addition, Est1 differentiating the annual NE3 from other populations and EstS(t) differentiating the two South Asian populations (W120 and W1981) from the others showed high F ST values (Table 3 ). The genetic distances between populations (Table 5) tended to be small within the three regions -China, Thailand, and South Asia (India and Indonesia) -and large between different regions.
To elucidate the overall variations among and within populations, we evaluated the allozyme genotypes of all individuals by factor analysis. Although only 28.1% of total variation was extracted by the first and second factors, individuals belonging to different populations were plotted as forming respective clusters (Figure 3a) . The first factor separated Chinese populations from other populations collected in tropical Asia. The second factor separated the Indonesian population (W1981) from all others. In contrast to the result achieved by the analysis of quantitative traits, perennial (NE88) and annual (NE3) populations from the same locality in Thailand were closely located.
RFLP diversity
From the 15 probe-enzyme combinations, a total of 17 polymorphic loci were detected. The allelic frequencies of RFLPs for the seven populations are shown in Table 6 , together with their population parameters. Intrapopulation polymorphisms at the RFLP level were detected in all populations examined. As in the allozyme analysis, we found that the Chinese populations shared some common RFLPs (G103 2 , G249
2 ) that were rarely found in other populations. This indicated that the Chinese populations tended to be genetically differentiated from the populations distributed in tropical countries.
Average gene diversity and other diversity parameters were calculated for each population (Table 4 , part b). The annual population NE3 and the weakly perennial population YJ showed less polymorphism than some others. The inbreeding coefficient F IS was high in the annual NE3 population and low in the perennial populations W1981 and W120. The population parameters H T , H S , and F ST are shown in Table 6 . F ST values estimated for respective loci were widely distributed, ranging from 0.047 to 0.984, with an average of 0.430. The genetic distances calculated between the seven populations (Table 5) clearly showed genetic differentiation between the different regions.
RFLP data of all individuals were analyzed by factor analysis. Of the total variation, 35.7% was extracted by the first and second factors. Plants from the same population tended to form respective clusters reflecting their geographical distributions (Figure 3b ). The pattern of variation proved to be essentially the same as that obtained from the allozyme data (Figure 3a) : the first axis separated the Chinese populations and the others, and the second axis separated the south (India and Indonesia) and South-East Asian (Thailand) populations. Figure 2 Scatter diagram of the plants belonging to six populations on the first and second factor scores, based on quantitative traits. 
NE88(P) NE3(A)
Genetic structure of wild rice populations
H-W Cai et al
Discussion
In O. rufipogon, annual types are predominantly inbreeding and perennial types are partly outbreeding (Oka and Morishima, 1967; Morishima and Barbier, 1990 ). Therefore, intrapopulation diversity is generally lower in annual types than in perennial types (Barbier, 1989; Morishima and Barbier, 1990) . In our study, the annual population NE3 was less diversified and had a high inbreeding coefficient, as expected. In contrast, the partly outbreeding perennial populations were found to preserve variable amounts of genetic diversity. It is difficult to explain this intrapopulation genetic diversity only in terms of breeding systems, because we know little about the long-term evolutionary history of each population. The large amount of genetic variability found in the Chinese population GG is most probably due to the effect of introgression from cultivated rice growing nearby: this was evident from the fact that the GG population contained alleles such as Est2 2 and Est10 2 , which are rare in Chinese wild rice but are carried by cultivated rice. The relatively low diversity of YJ is probably because YJ is an isolated peripheral population. Thus, the amount of genetic diversity within the populations that we observed was undoubtedly influenced by both the breeding system and the evolutionary history of each population.
A major difference in quantitative traits among our populations was ecotype differentiation towards either perennial or annual types (Figure 2 ), as has been repeatedly argued in this species (Oka and Morishima, 1967; Morishima, 1982, Morishima et al, 1984) . As all of the plants we analyzed were grown in a common environment, we consider that the observed differentiation in quantitative traits has at least in part a genetic basis. This variation in pattern reflects the result of adaptive differentiation in life-history traits that has occurred within this species in response to different habitat conditions (Morishima et al, 1984) .
In contrast, population differentiation revealed by allozyme and RFLP analysis more likely effects geographic variation due to genetic isolation (Figure 3) . The approximate geographical distances among study sites were roughly estimated from the map of Asia. Rank correlations were calculated between the geographical distance matrix and two genetic distance matrices (Table 5 ). The rank correlation was r ¼ 0.529 (Po0.05) with the allozyme matrix, and r ¼ 0.660 (Po0.01) with the RFLP matrix. These significant correlations are probably due to increasing genetic distance with geographical distance.
The results of the allozyme and RFLP studies both suggest genetic differentiation among South Chinese (temperate) populations and South-East Asian (tropical) populations. This agrees with the results of our earlier allozyme study, which was based on a larger number of accessions collected over a broad area of Asia (Cai et al, 1996) . Assuming that these allozymes and RFLPs are neutral, we can suggest that this genetic variation has resulted from long-range dispersal of this wild rice species, followed by geographical isolation (isolation by distance model, Slatkin, 1993) rather than as a result of adaptation to local environmental conditions. However, it cannot be ruled out that molecular markers may vary in relation to selection processes. Even if they themselves are neutral they can vary due to natural selection as a result of hitchhiking. Therefore, it is difficult to fully estimate the relative importance of selective and neutral processes in causing geographical differentiation. Raybould et al (1996 Raybould et al ( , 1997 compared RFLPs and allozymes in their study on sea beet populations and found that isolation by distance was evident in RFLPs but not in allozymes. Latta and Mitton (1997) observed in limber pine populations that RAPD analysis showed a higher degree of divergence than allozymes. We failed to find marked differences between allozyme and RFLP markers in terms of differentiation pattern and population structure.
The measure of population differentiation, F ST , can be influenced by various factors such as effective population size, genetic drift, migration rate (mating system), mutation rate, and selection (Podolsky and Holtsford, 1995) . According to Hamrick and Godt (1990) The comparison of population differentiation parameters for different classes of traits or markers is a useful tool in the analysis of the causes of population variation. To describe differentiation among populations, quantita- (Tables 3 and 6 ). In past studies, F ST values estimated for allozymes have been relatively homogeneous across loci and lower than F ST for quantitative traits (Podolsky and Holtsford, 1995) or RAPD (Latta and Mitton, 1997) . It is difficult to conclude whether the heterogeneity of F ST values that we found among loci is a reflection of a stochastic process, or whether indirect selection through hitchhiking is involved.
